On complex medium Escherichia coli strains carrying hybrid plasmid pBEC/EE:11.0, pSKBEC/BE:9.0, pSKBEC/PP:3.3, or pSKBEC/PP:2.4 harboring genomic DNA of Ralstonia eutropha HF39 produced a blue pigment characterized as indigo by several chemical and spectroscopic methods. A 1,251-bp open reading frame (bec) was cloned and sequenced. The deduced amino acid sequence of bec showed only weak similarities to short-chain acyl-coenzyme A dehydrogenases, and the gene product catalyzed formation of indoxyl, a reactive preliminary stage for production of indigo.
Colonies of the gram-negative bacterium Ralstonia eutropha are usually unpigmented, and only accumulation of polyhydroxyalkanoic acids results in opaque colonies. When a genomic library of R. eutropha HF39 was constructed in Escherichia coli XL1-Blue to study the genes of the 2-methylcitric acid cycle in R. eutropha (Brämer and Steinbüchel, submitted for publication), blue-pigmented E. coli transformants occurred at a frequency of approximately 1 in 500. Production of pigments, identified as indigo (15) , by E. coli recombinant strains harboring genes of Pseudomonas and Rhodococcus species has been described by other workers (6, 7, 12, 14) . In this report we describe identification of the blue pigment as indigo, cloning and expression of the open reading frame responsible for indigo formation, and experiments examining the physiological background of indigo formation in recombinant E. coli strains.
Identification of pigment-producing clones. A few blue colonies of the R. eutropha HF39 (21) genomic library using cosmid pHC79 (10) in E. coli S17-1 (20) , which was prepared by the method of Hohn and Murray (11) , were identified after 24 h of growth at 37°C on Luria-Bertani (LB) medium. The hybrid cosmid from one dark blue colony, harboring an 11-kbp EcoRI restriction fragment, was isolated as described by Birnboim and Doly (3) and was designated pBEC/EE:11.0. Hydrolysis of pBEC/EE:11.0 with EcoRI-BamHI or PstI and ligation into pBluescript SK Ϫ (Stratagene, San Diego, Calif.) restricted with EcoRI-BamHI or PstI gave four different hybrid plasmids, which were designated pSKBEC/BE:9.0, pSKBEC/ PP:3.3, pSKBEC/PP:2.4, and pSKBEC/PP:0.9. E. coli XL1-Blue (4) strains carrying pSKBEC/BE:9.0 and pSKBEC/PP:3.3 exhibited pigment production after 9 h of growth in LB medium, and application of IPTG (isopropyl-␤-D-thiogalactopyranoside) (1 mM) had no effect on pigment production. The E. coli strain carrying pSKBEC/PP:2.4 produced dye after 14 h of growth in LB medium without IPTG and after 9 h of growth in the presence of IPTG (1 mM). E. coli(pSKBEC/PP:0.9) did not produce the pigment. Light microscopy of E. coli(pSKBEC/PP: 3.3) grown for 7 days on LB agar plates solidified with 1.5% (wt/vol) agar revealed dark inclusion bodies located mainly at the cell poles. In thin sections these inclusion bodies covered approximately 40% of the cytoplasm (Fig. 1A and B) . Electron microscopic images were obtained from a culture of E. coli (pSKBEC/BE:9.0) cultivated for 12 h in LB medium and harvested by centrifugation (4,000 rpm, 10 min, 4°C in a Minifuge RF; Heraeus, Osterode, Germany). The pellet was resuspended and incubated at 4°C for 90 min in 50 mM KH 2 PO 4 buffer (pH 6.9) containing 0.3% (vol/vol) glutaraldehyde and 0.2% (wt/vol) paraformaldehyde. After incubation, the sample was centrifuged and washed twice with KH 2 PO 4 buffer (pH 6.9). Further treatment and preparation of ultrathin sections were performed as described previously (23) . The images revealed that the indigo inclusions had a diffuse structure, indicating that they were not surrounded by a membrane (Fig. 1C) .
Cloning and structure of the bec gene and heterologous expression in E. coli XL1-Blue. As the 2.4-kbp PstI restriction fragment encoded the information for pigment production, hybrid plasmids pSKBEC/PP:2.4 and pSKBEC/PP:3.3, which also harbored a 0.9-kbp PstI fragment, were used as templates for DNA sequencing performed with a Sequi Therm EXCEL TM II long-read cycle sequencing kit (Epicentre Technologies, Madison, Wis.), IRD 800-labeled oligonucleotides (MWGBiotech, Ebersberg, Germany), and a LI-COR 4000L automatic sequencing apparatus (MWG-Biotech). One open reading frame (1,251 bp) was identified (accession no. AF306552) and amplified from genomic DNA of R. eutropha HF39 by performing PCR with oligonucleotides 5Ј-AACTGCAGCAT CCGGCGCGAGCAGGAA-3Ј and 5Ј-TTGAATTCGCTTG CCGTAGTGAAGGTGCG-3Ј as described in Molecular Cloning: a Laboratory Manual (19) , using VENT R DNA polymerase (New England Biolabs) and an Omnigene HBTR3CM DNA thermal cycler (Hybaid, Heidelberg, Germany). The resulting hybrid plasmid harboring the open reading frame colinear with the lacZ promoter of pBluescript SK Ϫ was referred to as pSK/ BEC. The ATG starting at position 352 in Fig. 2 is most probably the translational initiation codon of the structural gene referred to as bec, as concluded from the tentative ribosome-binding site which preceded this putative start codon. A protein with a molecular mass of approximately 47 Ϯ 1 kDa was synthesized from the recombinant E. coli strain harboring pSK/BEC after induction with 1 mM IPTG, as shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and staining with Coomassie brilliant blue (16) . This strain produced pigment on LB medium containing 1 mM IPTG. The bec gene product has a calculated M r of 46,164 and a pI of 9.06. A comparison of the deduced amino acid sequence of the bec-encoded protein (416 amino acids) with the primary structures of other proteins revealed identities of 25 mol% with a FIG. 1. Light (A and B) (magnification, ϫ10,000) and electron (C) (magnification, ϫ43,000) microscopic images of recombinant E. coli (pSKBEC/PP:3.3). (A and B) E. coli cells were grown for 7 days on LB agar plates. Panel B shows an enlarged representative cell of E. coli; the arrow indicates the accumulated indigo. (C) Cells grown for 12 h in LB medium containing IPTG (1 mM), ampicillin (75 g/ml), and tetracycline (12.5 g/ml) and fixed as described previously. Bar ϭ 0.5 m.
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INDIGO FORMATION BY RECOMBINANT E. COLI STRAINSbutyryl-coenzyme A dehydrogenase of Bacillus subtilis and acyl-coenzyme A dehydrogenases of several organisms when sequences deposited in the GenBank and Prosite databanks were compared by using the programs BlastSearch 2.0.10 (1) and DBGET (2) . Furthermore, weak similarities to the bphC gene product of Rhodococcus erythropolis (13) , an indole dioxygenase, were observed (Fig. 3) . Determination of the activity of the bec gene product by fluorescence spectroscopy. As we assumed that the bec gene product was able to catalyze hydroxylation of indole to the fluorophore indoxyl as a reactive precursor of indigo, formation of indoxyl was studied by fluorescence spectroscopy as described by Woo et al. (24) by using excitation and emission wavelengths of 365 and 470 nm. Indigo and indole exhibited no fluorescence under these conditions. E. coli strains harboring plasmids pSK/BEC, pSKBEC/PP:3.3, and pBluescript SK Ϫ were grown in LB medium containing ampicillin (75 g/ml), tetracycline (12.5 g/ml), and IPTG (1 mM) to an optical density at 650 nm of 1.8. Cells were prepared by centrifugation (4,000 rpm, 10 min, 4°C in a Minifuge RF; Heraeus) and washed twice with buffer containing KH 2 PO 4 (2.15 g liter Ϫ1 ) and K 2 HPO 4 (5.3 g liter Ϫ1 ) at a final pH of 7.0. The pellet was resuspended in potassium phosphate buffer to an optical density at 650 nm of 2.5. The assay was performed with a final volume of 3 ml at 30°C, and the reaction was started by adding 18 l of a 100 mM indole dimethylformamide solution. The enzyme activity of whole cells was determined by determining the rate of indoxyl formation as a function of time by using changes in the relative fluorescence evaluated with the software Sfm25 (Kontron). The results are shown in Table 1 . At the beginning of the assay production of indoxyl by the bec gene product was greater than consumption by dimerization, which resulted in an increase in fluorescence. In the second stage the levels of production and consumption of indoxyl were obviously equal, and in the third phase there was a decrease in fluorescence, most probably due to substrate limitation in the enzyme assay. Cells of both E. coli(pSK/BEC) and E. coli(pSK-BEC/PP:3.3) mediated formation of indoxyl, as shown by the increase in relative fluorescence. Cells of E. coli harboring only pBluescript SK Ϫ exhibited no changes in relative fluorescence over a 120-min time period.
Purification and characterization of the blue pigment. Indigo was extracted by a modified method of Oshima (17) . The cells were harvested by centrifugation (4°C, 4,000 rpm, 10 min in a Minifuge RF; Heraeus), were washed three times with H 2 O, 70% (vol/vol) ethanol, and 96% (vol/vol) ethanol, and then were lyophilized. The indigo was extracted with 5 volumes of hot aniline (150°C) for 2 to 3 h. After this extraction, the aniline was concentrated 20-fold at 60°C. The pigment was precipitated by incubation for 24 h on ice. The crystals were filtered, washed with double-distilled water, and dried. The solubility of the blue pigment produced by E. coli(pSKBEC/ BE:9.0) was identical to that of commercial indigo (Acros Organics) or blue pigments produced by other recombinant strains as described previously (9) . Extracts of cells of E. coli(pSKBEC/BE:9.0), which were obtained by suspension of 30 mg of cells in 1 ml of dimethylformamide, shaking at 50°C for 30 min, and centrifugation (13,000 rpm, 10 min in a Biofuge A; Heraeus), were analyzed by silica gel thin-layer chromatography (thickness, 0.2 mm; 60 F 254 ; Merck, Darmstadt, Germany) performed with chloroform-diethyl ether (1:1, vol/vol) as the solvent system and were compared with synthetic indigo. The bacterial pigment separated into a predominant blue spot (R f ϭ 0.76) and a light pink spot (R f ϭ 0.54) exactly like commercial indigo. The intensity of the pink component increased with the age of the extract, as observed by Hart et al. (9) . The absorption spectra of extracted bacterial pigments of E. coli   FIG. 3 . Amino acid alignment. Amino acid residues which are the same in all of the proteins are marked in light grey, residues which are the same in 75% of the proteins are indicated with white letters on a black background, and residues which are the same in 50% of the proteins are marked in grey. bec, gene product of the bec gene of R. eutropha HF39; bpfA, indole dioxygenase of Rhodococcus opacus (14) ; bphC, hydroxylase of Rhodococcus erythropolis (13) ; soxC, dibenzothiophene desulfuration enzyme C of Rhodococcus sp. (5). 1 cm) ; the spectra obtained with different solvents were recorded and compared with the spectra of authentic indigo. The spectra of the bacterial pigment and commercial indigo were identical, whereas the absorption maxima in the different solvents were at 610 nm in dimethylformamide, 619.5 nm in dimethyl sulfoxide, 502 nm (cold) or 630 nm (hot) in H 2 SO 4 , and 604 nm in chloroform. The molecular weights of purified bacterial pigment and commercial indigo were determined by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry by using a LAZARUS III DE time of flight mass spectrometer (constructed by H. Luftmann, Institut für Organische Chemie, Münster, Germany) operated at 19 kV with delayed extraction and a path length of 2 m. A nitrogen laser was used to generate the primary beam at 337 nm with a pulse width of 3 ns. Purified dye (1 g) was applied to the stainless steel target (1 l) mixed with an equal volume of a 0.1 M solution of 2,5-dihydroxybenzoic acid. The drop applied was allowed to dry and crystallize before the sample was introduced into the mass spectrometer ion source. The blue pigment and authentic indigo exhibited the same m/z value, m/z 263, corresponding to the theoretical molecular weight of indigo. One additional signal with a mass number of m/z 285 corresponding to the sodium ion of indigo was observed in both samples (Fig. 4) .
Conversion of indole by E. coli(pSKBEC/PP:3.3).
As indole is used as a substrate by microorganisms for production of indigo (17) , conversion of indole by whole cells and crude extracts of E. coli XL1-Blue harboring pSKBEC/PP:3.3 or pBluescript SK Ϫ was examined in a two-stage experiment. (i) The cells were grown in 500 ml of M9 medium (19) containing 0.4% (wt/vol) fructose as the carbon source, ampicillin (75 g/ml), tetracycline (12.5 g/ml), and IPTG (1 mM) for 42 h. ml Ϫ1 was added to the concentrated cultures, which were subsequently cultivated at 37°C for 3 h on a rotatory shaker. During this time conversion of indole was measured by reversed-phase high-performance liquid chromatography by using an RP-18 Merck LiChroSphere 100 column (250 mm by 4.6 mm [inside diameter]) and a Kontron high-performance liquid chromatography apparatus equipped with a series 522 chromatographic pump. Elution of indole was monitored at 278 nm with a Kontron DAD 540 diode array detector by using 40% (vol/vol) acetonitrile-0.1% (vol/vol) phosphoric acid in doubledistilled water at a flow rate of 0.5 ml per min as the solvent system. The indole concentration was determined in the supernatant after centrifugation for 20 min at 13,000 rpm in a Biofuge A (Heraeus). In the E. coli(pSKBEC/PP:3.3) culture the concentration of indole decreased from 2.73 to 0.75 mM, and the indigo concentration increased from 2.25 to 2.68 mM. In E. coli(pBluescript SK Ϫ ) cultures no indole conversion or indigo production was observed.
Influence of tryptophanase activity on indigo production in recombinant E. coli strains. Indigo production in recombinant strains of E. coli results from cooperation between metabolic processes of E. coli and the genetic information encoded on the genomic DNA fragment of R. eutropha. As indole is a catabolic product during metabolism of tryptophan, the influence of the tryptophanase activity of the host strain on indigo production was investigated. Two E. coli K-12 mutants (JC12337 and AB2146) with a defect in the tryptophanase gene (tnaA), obtained from the E. coli Stock Center (New Haven, Conn.), were transformed (8) with hybrid plasmids pSKBEC/ PP:3.3 and pSKBEC/BE:9.0. The recombinant strains [JC12337(pSKBEC/PP:3.3), JC12337(pSKBEC/BE:9.0), AB2146 (pSKBEC/PP:3.3), and AB2146(pSKBEC/BE:9.0)] were grown on M9 agar plates containing 0.4% (wt/vol) fructose, ampicillin (75 g/ml), and IPTG (1 mM). The strains exhibited good growth on these media, but no indigo production was observed. Supplementation of the medium with tryptophan (1 mM) had no effect on production of indigo, but supplementation with indole (1 mM) restored the ability to produce the blue dye. These results demonstrated the central role of indole during tryptophan metabolism for production of indigo in recombinant E. coli strains. In accordance with the findings of Qing-Shan et al. (18), we propose the following pathway for synthesis of indigo in recombinant strains of E. coli: indole, which is generated from degradation of tryptophan, is hydroxylated by the bec gene product to indoxyl; and two molecules of indoxyl dimerize spontaneously to indigo, which can also be converted to the red dye indirubine (22) , which was also detected in small amounts in this study.
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